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= ABSTRACT - The rapid electrification of mobility systems has fuelled the demand for advanced control techniques that
can enhance the performance and efficiency of electric vehicles (EVs). In this context, this paper introduces the Field Acceleration
Method (FAM) as a control strategy for three-phase squirrel cage induction motors, specifically tailored for e-mobility applications.
FAM has not been previously simulated or tested practically in the context of electric mobility, making this study a pioneering
effort. Induction motors are widely employed in electric vehicles, and various control methods such as the Indirect Field-Oriented
Control (IFOC) gained popularity for its effectiveness in achieving precise and efficient motor control. In this research, FAM is
simulated using MATLAB, and the results demonstrate its suitability for electric vehicle control applications. FAM exhibits the
potential to achieve rapid speed responses, making it a promising alternative to established control techniques. The outcomes of this
study highlight the applicability of FAM in improving the dynamic performance of EVs, contributing to the ongoing efforts to
enhance the efficiency and responsiveness of electric mobility solutions. This research paves the way for practical implementations
of FAM in electric vehicles, potentially revolutionizing the field of EV motor control.
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#1. INTRODUCTION BMW X5 [10].
The growing concern over emissions, global warming, fuel
efficiency, and energy resource limitations has led to increased
interest in electric and hybrid vehicles among automakers,
governments, and consumers. This has created a need for
innovative, cost-effective, and efficient hybrid powertrain
systems. Modelling and simulation will be crucial for the
successful design and development of electric vehicles (EVs),
with a particular emphasis on advancing the control technology

to meet the evolving demands of this environmentally  Field Acceleration Method (FAM), introduced by Yamamura,
conscious automotive landscape [1]-[3]. eliminates the need for a coordinate system, simplifying
complexity in control. Consequently, computations become
significantly more straightforward. In FAM, direct state
variables are employed for induction motor control. The
excitation current remains constant and continuous, ensuring a
consistent magnitude of the rotating magnetic field. The speed
of the field can be altered by adjusting the frequency [23].
FAM's T-1 method is one of the slip control techniques within
vector control methods [24]. To further illustrate its

Indirect Field-Oriented Control (IFOC) is a highly popular and
widely embraced control method. However, the use of
coordinate transformation often introduces unnecessary
complexity to the analysis, leading to intricate representations
in control circuitry. This complexity can give rise to ambiguous
concepts and a higher likelihood of calculation errors when
applying vector control theory [19-22].

Advancements in power electronics, design tools, and control
strategies have led to the maturation of induction motor drives
in the context of electric vehicles (EVs). While permanent
magnet (PM) brushless motor drives have been widely favored,
the induction motor drive is now gaining traction for EVs due
to issues like PM material shortages, the high cost of rare-earth
PM materials, and the thermal instability of PMs. Its sturdy
construction, cost-efficiency, and long-standing technological
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effectiveness, IFOC and FAM are theoretically compared and
analyzed, revealing identical results [25,26]. Experimental
findings support FAM's efficacy in achieving better speed
response characteristics, confirming the validity of the FAM
control strategy [27]. In this paper the FAM controlled drive has
been proposed for EV application. FAM technique has not been
used as a control technique for e-mobility applications. The
suitability of FAM controlled drive has been validated by
simulation studies. In the next section Field Acceleration
Method is presented.

#72.FIELD ACCELERATION METHOD
(FAM)

2.1 Basics of FAM

Professor Yamamura employed the phase segregation method,
wherein a single phase serves as the representative phase. This
selection is based on the fact that in the other phases, the
solutions remain identical, except for the phase angles, which
are sequentially displaced by 2n/3 radians. Circuit equations are
formulated separately for one phase on the stator side and one
phase on the rotor side. This analytical technique is commonly
referred to as the phase segregation method [23].

As per the phase segregation method three phase induction
motor equations under steady state are given by.

Vi =Rily + j(x; + xp )1y + jxply 1)
R , .
0= ?212 +j0 + xp) o + jxp 2

In matrix form,

Ry + jX,  jx
[V1]=[ s ] ] 3)
0 Jxm St X[l

z :[lejxi W ] @
Jxm T X

[Z] is the impedance matrix.

Where X; = (x; + x,) (5)

X, = (x5 + %) (6)

The secondary currents are transformed by the transformation
equation:

o=l o [i] 9
1 0

C:[O o

Where a is an arbitrary constant

15 is the new rotor current,

c.[3]=ctzic | ] ©
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From the above we get,
Vi =Rily + jXi 1y + jxpmaly ©)

0 =22a2lf + jXpoI§ + jayly (10)
R+ jX;

AN J&m [11]
[0] _[ Jox,y, a2%+ ja?X,| LS (11)

Corresponding equivalent circuit diagram is drawn based on
equation (11) given in figure 1 and which is called T-type
equivalent circuit for steady state operation.

Figare 1: Transformed T type equivalent circuit diagram

Where,

X170 = X1 — oy (12)
Xor = 02X, — X, (13)
X = OXp (14)
R,r = a?R, (15)

From figure 1, the primary voltage and primary current remain
constant with the transformation mentioned in equation (7).
Consequently, the input impedance remains unaffected by the
parameter a. However, it's worth noting that the state variables
on the secondary side are contingent upon the value of a.

If o is chosen as a = ’;—mthen the secondary leakage reactance
2
becomes zero

x; =0 (16)
I, =0 (17)

The equivalent circuit for this value of a, equivalent circuit of
figure 1 is transformed into T-1 type equivalent circuit as
depicted in figure 2.

, R,
I, R, X1 o

Figure 2: Transformed T-1 type equivalent circuit diagram

Where,

X1 =X, — axy, (18)
L=L+L,— al, (19)
X = Xy, (20)
I, =aly, (21)
R} = a?R, (22)
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=k 23 establish the suitability of T-1 equivalent circuit for the torque
2 (23) & Sulie : ;

« control of induction motors. This forms the fundamental basis

. o o for FAM control for controlling the speed of induction motor.

From T-1 type equivalent circuit diagram in figure 2, we can  |n FAM, the peak value of the excitation current remains

obtain: constant and continuous. However, its frequency varies in

accordance with the desired motor speed, thereby keeping the

The primary current magnitude of the rotating magnetic field constant while

L=1+1 (24) adjusting its §peed iq response to the' excita_tion current's
frequency. This alteration in frequency directly influences the

= Ry/s - (25) §peed _of the rotating magnetic fi.eld,- cpnsequently af_fecting the
0 B2y il 1 induction motor's speed. By maintaining the excitation current
s constant, the primary current, secondary current, and torque all

il become directly proportional to the slip speed, as indicated by
L=g—"h (26) equations (27), (28), and eq. (33), respectively. Moreover, the
S Hxm secondary current can be controlled directly by the primary

From equation (25), current, as shown in equation (24).

In the next section the electric vehicle power train for FAM

I,= R—2+{x§n <[ @7) controlled induction motor is presented.
s 2.2 The Electric Vehicle Power Train System
I :jsx;n*l, 28) The power train of EV is_ shown in figure 3. _The Ifey
27 gy 0 components of the system include a three-phase induction
o motor, a battery, FAM controller, and a three-phase voltage
Torque per phase is given by, source inverter. The driver signals the FAM controller
p.p according to speed or torque requirements using the vehicle's
T, =2 (29) accelerator pedal. The FAM controller receives input from both
the pedal and the induction motor, including data on motor
P, =| Iélz*ﬁ (30) currents and the actual motor speed. It processes these signals
s and generates PWM signals, which are given the switching
PP, R, elements through respective gate drives of the voltage source
Ty =% 2> (31) inverter. In the next section FAM controlled drive train is
discussed.
PLRL, [sxln]?
Ty= Srees| =) g 2 (32) .
2 so TR 3-Phase
Batiery 1~ Vsl : Induction
T, = K, * sf at constant I}, (33)
Where K, is constant and Gate P“’“ﬁ F
sf is the slip frequency.
P is the number of poles. et AM Control
P, is the air gap power in watts.

w is the angular velocity in rad/s.

Figure 3: The electric vehicle power train system
The relationship between T; (torque) and slip frequency, as well
as secondary current I, (when exciting current I is held 2.3 FAM Controlled Drive Train
constant), is directly proportional. These linear dependencies

Battery

]

NrRey.

3-Phase
Induction
Motor

Veetor
Adder

Figure 4: Block diagram of Field Acceleration Method current control of induction motor

Website: www.ijeer.forexjournal.co.in The Control of Three-Phased Squirrel Cage Induction 1122


https://www.ijeer.forexjournal.co.in/

FO REX International Journal of

Publication Electrical and Electronics Research (IJEER)
Open Access | Rapid and quality publishing Research Article | Volume 11, Issue 4 | Pages 1120-1127 | e-ISSN: 2347-470X

Figure 4 presents the block diagram illustrating the Field  changes, it must swiftly attain a stable state, and speed recovery
Acceleration Method (FAM) current control of an induction  should be almost instantaneous. Acceleration and deceleration
motor. The control process involves several essential steps: (a) capabilities of electric motors in EVs need to be very fast.
Speed controller: The actual speed of the induction motor is  Acceleration provides better driving experience, and it is a key
compared to the reference speed, resulting in an error signal. selling point for EV manufacturers whereas deceleration is a
This error signal is then processed by a PI controller which crucial aspect for vehicle braking system [4-5, 10, 14, 15, 17].
multiplies with the motor torque constant to generate a slip

frequency (sf) according to the equation (33) (b) Primary The FAM controlled induction motor is tested under the
current calculation: The primary current is determined through  following conditions in the simulation, and the exciting current
vector addition, combining the secondary current and the  remains at a steady peak value of exciting current (lo)
excitation current, as described in equation (24). (c) Primary  consistently during all performance test scenarios. For the EV
current frequency Computation: The current's frequency is motor as given in table 1, 1o is 4.5793 A. These assessments for
computed by adding the slip frequency to the motor's electrical ~ the  FAM-controlled induction motor encompass various
frequency_ (d) Instantaneous value of primary current: Using Conditions, inCIUding motor Start-up, reverse Operation, lower
the computed frequency and the peak value of the primary  SPpeeds, gbrupt changes in load, as well as acceleration and
current, the instantaneous value of i, (primary current) is  deceleration tests.

obtained. (e) Phase currents: Similarly, the other phase currents

can be derived by considering a phase difference of 2m/3 Table 1: Three-Phase Induction Motor Specifications &

radians, as previously mentioned in section 2.1. Parameters

Rated Power 3.73 kW
The phase instantaneous currents are compared with the actual Rated voltage 110V
currents of the induction motor and the error signal is processed Rated frequency 80 Hz
by PI controller and the output of PI controller are compared
with the carrier signal to generate PWM signal. These gate Number of poles 4
pulses are subsequently applied to the corresponding switches Rated speed 2321 r/min
of the voltage source inverter, which is fed from a battery pack. Rated current 26.73 A
3. SIMULATION STUDY & RESULTS - w700
The induction motor specifications and parameters are given in r m
the Table 1. The line-to-line voltage of the induction motor is Lis 14mH
110V. The output voltage generated by the voltage source Ly 1.4mH
inverter is supplied to the three-phase induction motor. It's L 577 mA
worth noting that a model-based mathematical models of the -

voltage source inverter [28] & the induction motor [30] are
implemented in MATLAB simulation. The specific ratings and
parameters for the induction motor used in this simulation are
taken from [6] and motor parameters are given in Table 1. The
simulation diagram implemented in MATLAB simulation
illustrating the FAM control, Voltage Source Inverter (VSI), V, = 0.612%m,*V,, (34)
and Induction Motor is presented in figure 5.

The line-to-line voltage of the motor is 110 V. The inverter is
fed from a battery pack of 180 V DC. In case of sinusoidal
PWM inverter the input DC of the inverter can be calculated by
using:

. . . Where m, is the modulation index. The above equation (34) is
In the context of EVSs, electric motors must deliver rapid described in [29]

responses in terms of both speed and torque when starting.
Furthermore, when an EV motor experiences sudden load

‘ O
d
k2 v
| = an
T va0
J I LTy
aaaaaa w0 bl ]
1
ibstar [+
- - PIs)| b0 v L
‘‘‘‘‘‘
2
e + > we Tep-
por ]
of |
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Three Prase VaT Three Phase Induction Motor
s T

Figure 5: Simulation diagram of Field Acceleration Method current controlled induction motor

Website: www.ijeer.forexjournal.co.in The Control of Three-Phased Squirrel Cage Induction 1123


https://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

Simulation studies have been carried out FAM controlled
induction motor drive for various operating conditions and
results are described below.

Figure 6 depicts the start-up behaviour of the Field Acceleration
Method (FAM)-controlled induction motor. The speed is
configured at the rated speed of 2400 r/min. Impressively, the
motor attains its specified speed reference within a mere 0.54
seconds. It's noteworthy that the motor speed closely follows
the set speed, exhibiting no observable steady-state error during
continuous operation. Figure 7 depicts the reversal of the

International Journal of

Electrical and Electronics Research (IJEER)
Research Article | Volume 11, Issue 4 | Pages 1120-1127 | e-ISSN: 2347-470X

induction motor's speed. Specifically, at 0.7 seconds, the
reference speed transitions from 900 to -900 r/min, and at 1.3
seconds, it reverses from -900 to 900 r/min. In both instances,
the torque is consistently maintained at its rated values, and the
motor speed accurately tracks the set value. Figure 8. illustrates
the motor's behaviour at a lower initial speed reference (ranging
from 0 to 300 r/min within one second). In this scenario, the
motor speed effectively follows the specified set speed with the
slower rate of acceleration.
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Figure 6: Starting performance of IM drive
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Figure 7: Reverse operation of IM drive
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Figure 8: The IM's initial performance with a lower speed reference (300 r/min within one second)
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Figure 9 illustrates a situation where the load on the motor is motor current is measured at 3.74%. Similarly, figure 10
altered, transitioning from 2 to 12 N-m at 0.7 seconds. presents a test involving the sudden removal of load,
Impressively, the motor's torque rapidly stabilizes, achievinga  transitioning from 12 to 2 N-m at 0.7040 seconds. Once again,
steady state within a mere 0.02 seconds. Notably, it's worth motor rapidly stabilizes in 0.02 seconds, with a current THD of
mentioning that the Total Harmonic Distortion (THD) in the  8.64%.
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Figure 9: The response of the IM to an abrupt load increase, shifting from 2 to 12 N-m at 0.7s.
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Figure 10: The reaction of the IM to an abrupt load reduction, shifting from 12 to 2 N-m at 0.7040s

Figure 11 illustrates the motor's acceleration as its speed  the motor as the speed reference transitions from 2400 to 300
reference transitions from 300 to 2400 r/min at 0.7 seconds. In r/min at 0.685 seconds, achieving a stable state within 0.3
this scenario, the motor takes 0.4 seconds to attain a steady-state ~ seconds.

condition. Figure 12 depicts the deceleration characteristics of
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M
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W
/

Figure 11: Acceleration performance of IM from 300 r/min to rated rpm at 0.7 sec

Website: www.ijeer.forexjournal.co.in The Control of Three-Phased Squirrel Cage Induction 1125


https://www.ijeer.forexjournal.co.in/

FO REX International Journal of

Publication Electrical and Electronics Research (IJEER)
Open Access | Rapid and quality publishing Research Article | Volume 11, Issue 4 | Pages 1120-1127 | e-ISSN: 2347-470X
_ ] T . T H —nr
Em- 0.3s L

05 0.6 o7 08 Time(s) 09 1 1.1 12 1.3

Figure 12: Deceleration performance of IM from rated rpm to 300 r/min at 0.685 sec
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